The effects of isoproterenol on resting and action potentials, automaticity and conduction velocity in isolated Purkinje fibers of sheep hearts were studied with microelectrode recording techniques. In quiescent Purkinje fibers, local application of isoproterenol to the site of microelectrode recording caused depolarization to a potential level from which repetitive discharge occurred. During the acceleration in beat frequency, the threshold and maximum diastolic potentials increased. When isoproterenol was applied to the pacemaker of beating fibers, the steepness of the pacemaker potential increased and the rate accelerated. Threshold and maximum diastolic potentials were affected variably in the beating preparation. Isoproterenol did not change conduction velocity in isolated, stimulated Purkinje fibers. The electrophysiological effects of isoproterenol resemble those described previously for epinephrine. The observations do not permit definition of the mechanism of action.
• Isoproterenol shares with epinephrine the property of stimulating beta-adrenergic receptors in the heart, although it is generally acknowledged to be a more potent chronotropic agent than epinephrine (1) (2) (3) (4) (5) (6) (7) . Unlike epinephrine, isoproterenol apparently does not increase conduction velocity in the intact ventricle, i.e. this drug does not share the alphaadrenergic dromotropic action of epinephrine (4, 8) .
In the present study electrophysiological effects of isoproterenol were studied during the production or enhancement of automaticity in isolated Purkinje fibers of sheep hearts. The effect on conduction velocity in this isolated preparation was also examined. Accepted for publication September 15, 1966. Methods Hearts were obtained from lambs immediately after slaughter, and were brought to the laboratory within 30 min in a thermos bottle containing oxygenated Tyrode's solution which was about 34°C. Bundles of Purkinje fibers were excised from the left ventricles and fixed in a tissue bath by pinning their ends and larger side-branches to the floor of the bath. Tyrode's solution, warmed to 37°C, flowed through the 2.5-ml capacity bath at a rate of 4 ml/min. All preparations were in the bath for at least 30 min before potentials were measured.
Membrane potentials were recorded through conventional intracellular glass microelectrodes. The recording system consisted of a negative capacity electrometer amplifier (Bak), a Tektronix 565 oscilloscope and a Grass kymograph camera. The connection between microelectrode and amplifier was through a chlorided silver wire and Tyrode-agar bridge; the connection with the bath (reference) was in the same manner. In some Purkinje fibers two electrodes were placed within 100 fj, longitudinal distance, one for voltage recording, the other to lead current through the membrane. An RC circuit (time constant, 10 fisec) was used to differentiate the upstroke of the action potential, giving the maximum rate of 940 Circulation RtsMrcb, Vol. XIX, Novtmbtr 1966
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rise. The preparations were stimulated when necessary with external platinum electrodes from a Grass S-4 stimulator. A Tektronix-type 161 pulse generator was used for currents up to 1 sec duration that were passed through the intracellular electrodes; longer current pulses were provided by a battery-potentiometer device.
The Tyrode's solution had the following com- In some cases, isoproterenol, added to the bathing Tyrode's solution, had a concentration of 10~7 g/ml. To confine the action of isoproterenol to the site of impalement by the microelectrode, the drug was applied by delivering a very small amount by pressure from a capillary pipette whose tip had a diameter of 10 to 15 fx and which was positioned within 100 /i, of the recording electrode. In order to define the area of application under the microscope, the isoproterenol was mixed with a solution of Evan's blue dye, giving a concentration of 10^* g/ml. Generally, isoproterenol so applied was confined to an area of about 0.5 mm 2 and remained in contact with the preparation for several seconds, before being carried away in the stream of Tyrode's solution. Control experiments with Evan's blue dye alone proved that this substance was inert; membrane potentials were stable for a number of hours unless the experimental conditions were changed.
Despite precautions to confine the action of isoproterenol to the site of microelectrode puncture, remote pacemaker activity was often produced when the drug streamed away from the locus of impalement. This was apparent from the form of the recorded potential cycles, when the slow diastolic depolarization no longer led smoothly into the rapid upstroke of the action potential; such results were discarded.
Results
EFFECT OF ISOPROTERENOL ON QUIESCENT PURKINJE FIBERS
Isoproterenol was applied locally to the site of microelectrode puncture in 15 preparations. In 10 of these, gradual depolarization started after about 30 sec and continued for about 2 min, until a steady, less negative potential level was reached; no spontaneous excitation occurred. The resting membrane potentials of this group ranged from -62 to -90 mv (average, -78 mv). The amount of depolarization ranged from 2 to 10 mv (average, 5 mv).
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In five preparations treated in this manner, gradual depolarization began within the same period, but continued over 40 to 120 sec to a less negative potential level from which repetitive discharge occurred (Fig.  IB) . In some cases, incremental, subthreshold oscillations led to repetitive, propagated responses. The resting potentials in this group ranged from -63 to -76 mv (average, -68 mv). The depolarization from the resting potential level to the firing level (threshold potential) for the first beat ranged from 13 to 21 mv (average, 17 mv). In all of these cases, during the 30 to 60 sec in which the beat frequency increased to a maximum, a secondary hyperpolarization occurred ( Fig. 1 , B and C), in the sense that the threshold potential and maximum diastolic potential gradually became more negative, by 5 to 9 mv and by 6 to 13 mv, respectively. In two preparations the automaticity later waned during the period of observation and this later potential change (the hyperpolarization) was reversed as the beat frequency slowed (Fig. ID) and the preparation became quiescent (Fig. IE) . In all preparations, when the isoproterenol-induced repetitive discharge ceased, the resting potential level remained less negative (by 10 to 18 mv) than the control (Fig. IE) .
EFFECT OF ISOPROTERENOL ON THE BEATING PACEMAKER
In 10 spontaneously beating preparations, isoproterenol was applied through a capillary micropipette to the site of the microelectrode at the pacemaker. In all cases the rate of discharge and the steepness of the pacemaker potential increased within & to 2 min. The effects of isoproterenol on the maximum diastolic potential and threshold potential were variable, however. In four preparations the increase in beat frequency was accompanied by a reduction in maximum diastolic potential (2 to 5 mv less negative) and threshold potential (5 to 7 mv less negative) (Fig. 2 ). In one of these preparations the reduction in maximum diastolic potential and threshold potential which occurred during the initial rate acceleration was later reversed, so that the maximum diastolic po-tential and threshold potential were at control levels when the maximum rate was attained (Fig. 2C ). In one other preparation isoproterenol produced a striking depolarization during the chronotropic effect, and the maximum diastolic potential and threshold potential were reduced by 30 and 27 mv, respectively (Fig. 3) .
In four other preparations the increased automaticity was accompanied by an increase in maximum diastolic potential and threshold potential by 2 to 4 and by 2 to 7 mv, respectively ( Fig. 4) . In one of these, partial reversal of the potential changes occurred during the later slowing as the chronotropic effect of isoproterenol waned (Fig. 4C) .
In two of the 10 preparations, no change in maximum diastolic potential or threshold potential accompanied the positive chronotropic effect.
The chronotropic response to isoproterenol usually began within 80 sec after administration and by 1 to 2 min reached a maximum which persisted for about 10 min, and then gradually waned over 15 to 30 min. During the later period, the rate of discharge and the steepness of the pacemaker potential gradually diminished to control levels and usually changes in levels of maximum diastolic potential and threshold potential were reversed ( Figs. 2 and 4 ). In the case of the large depolarization ( Fig. 3) , the faster rate of discharge and less negative potential levels persisted for as long as observations were made.
EFFECT OF ISOPROTERENOL ON CONDUCTION VELOCITY IN PURKINJE FIBERS
Conduction velocity was determined from the latency between action potentials recorded by two electrodes which impaled the fibers a measured distance apart longitudinally along a bundle of Purkinje fibers, which was stimulated electrically at 60/min. Ten preparations were studied, four of which were initially quiescent when not stimulated electrically; the other six had a slow spontaneous beat. After control measurements, the normal Tyrode's solution bathing the preparation was replaced by Tyrode's solution containing 10"" g/ml isoproterenol. Conduction velocity
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measurements were made again at 5 min intervals, starting 10 min after treatment was begun with isoproterenol, or sooner if spontaneous excitation or an increased spontaneous beat frequency occurred. Measurements were continued until a stable maximum spontaneous heart rate was observed. The stimulator was turned off from time to time to determine the chronotropic effect of isoproterenol. The four preparations which were initially Effect of isoproterenol (10-4 g/ml) on action potentials from the pacemaker of a spontaneously beating Purkinje fiber. A, control series of action potentials. B, 90 sec after local application of isoproterenol the rate is increased and the maximum diastolic potential (MDP) and threshold potential (TP) are less negative. C, 3 min after application of isoproterenol the faster, maximum rate is accompanied by reversal of the changes in MDP and TP seen in B.
FIGURE 3
Effect of isoproterenol (10-t g/ml) on action potentials from the pacemaker of a spontaneously beating Purkinje fiber. A, control series of action potentials. B, C, D, and E are series of action potentials recorded 60, 70, 80 and 90 sec after local application of isoproterenol. During the acceleration to a maximum rate in E, the maximum diastolic potential and threshold potential become progressively less negative. Effect of isoproterenol (10-i g/ml) on action potentials from the pacemaker of a spontaneously beating Purkinje fiber. The control series of action potentials (A) is followed by series recorded 2 min (B) and 10 min (C) after local application of isoproterenol. In this preparation the increase in rate (B) was accompanied by an increase in the maximum diastolic potential (MDP) and threshold potential (TP) (more negative). As the rate later slowed (C), the MDP returned to the control level, and the TP became less negative. quiescent beat spontaneously after application of isoproterenol, at rates between 50 and 64/min. The six preparations which beat slowly, at rates between 38 and 50 before application of isoproterenol, beat faster, at rates between 48 and 64, after application of isoproterenol. Control conduction velocity varied from 1.3 to 3.7 m/sec (average, 2.5 m/sec). In all cases, although isoproterenol either produced automaticity or increased the beat frequency, no change in conduction velocity occurred. Neither was there any appreciable change in maximum diastolic potential or threshold potential at either of the sites of potential recording.
EFFECT OF ISOPROTERENOL ON THE MAXIMUM RATE OF RISE OF THE ACTION POTENTIAL
Since the production or enhancement of automaticity produced by isoproterenol was usually accompanied by changes in membrane potential levels, it was believed important to determine if the automaticity effect occurred through changing the relationship between sodium conductance (gNa, as gauged by the maximum rate of rise of the action potential) and the membrane potential. In two preparations, which exhibited autorhythmicity when treated by isoproterenol, the activation curve was determined. In one preparation ( Fig. 5 ) there was an increase in threshold potential and maximum diastolic potential by several millivolts in the other, these potential levels became less negative by several millivolts during isoproterenol treatment. Both preparations, which were initially quiescent, beat slowly during isoproterenol treatment, but were overdriven at a rate of 60/min during the time the membrane potential was changed by hyperpolarizing and depolarizing currents and the upstroke velocity was recorded. Figure 5 shows that the activation curve was not altered by isoproterenol in this study.
Discussion
In all cases in which quiescent Purkinje fibers were affected by isoproterenol, depolarization occurred. Larger depolarization (13 to 21 mv) led to potential levels from which repetitive discharge occurred. Smaller depol- -80 -90 -100
Effect of isoproterenol (10~7 g/ml) on the activation curve of a Purkinje fiber. The maximum rate of rise of the stimulated action potential (V/sec) is given on the ordinate; the membrane potential levels from which the upstroke arises are shown on the abscissa. The solid dots indicate the control values in normal Tyrode's solution. The open circles represent values obtained after the preparation had been bathed for 10 min by Tyrode's solution containing isoproterenol (10-7 g/ml) . Values obtained after the preparation had been bathed again by normal Tyrode's solution for IS min are indicated by Xarization (2 to 10 mv) did not result in automaticity. During the time the rate was increasing, hyperpolarizatdon occurred (maximum diastolic potential and threshold potential became more negative). The gradual depolarization, development of a pacemaker potential and autorhythmicity, and secondary hyperpolarization are potential changes similar to those produced by epinephrine in sheep Purkinje fibers (9, 10) .
Membrane effects of isoproterenol on the beating pacemaker were more variable. Al-though the effect of isoproterenol was always to increase the steepness of the pacemaker potential and increase the beat frequency, the maximum diastolic potential and threshold potential became more or less negative with equal frequency and sometimes, but less often, did not change. The shift in both maximum diastolic potential and threshold potential to less negative levels is like that produced by epinephrine in sheep Purkinje fibers (10) . The greater negativity of these potential levels is like that produced in dog atria and Purkinje fibers (11) and in sheep Purkinje fibers (9, 10) . Those cases of accelerated rate, unaccompanied by changes in these potential levels, resemble the response to epinephrine in the frog sinus venosus (12) . The variation in changes of maximum diastolic potential and threshold potential in beating Purkinje fibers is difficult to explain. This was not due to a shift in pacemaker locus, since the form of the potential cycle that identifies the pacemaker-pacemaker potential curving smoothly into the rapid upstroke of the action potential-did not change in the experiments which were evaluated.
The concentration of isoproterenol required to produce reliably a chronotropic effect when applied locally (KH g/ml) is much greater than that which produced the same effect when added to the tissue bath (10~7 g/ml). Difference of similar magnitude was found previously when epinephrine was used (10) . It is probable that the effect of the agent to alter the potential of a small segment of the membrane is "damped" by the resistance and capacity of the contiguous, unaffected membrane of the syncitial Purkinje system.
The experimental results do not provide direct evidence of the mechanism of action underlying the chronotropic effect of isoproterenol. It has been noted previously that the development or increase in steepness of the pacemaker potential suggests that chronotropic drugs may act by altering the ionic permeability changes underlying the slow diastolic depolarization (10) . The problem is complicated further by the necessity CtrcuUtio* Rtsevcb, Vol. XIX. Nwemitr 1966 to consider the effect of increased metabolic activity (6, 13, 14) , which isoproterenol shares with epinephrine, on active cation transport, which increases the driving forces for depolarization and repolarization.
Conduction velocity was not changed in driven preparations treated with isoproterenol. That the drug affected the fibers was indicated by the development or enhancement of autorhythmicity, which was evident when stimulation was interrupted temporarily. In these preparations no change in maximum diastolic potential or threshold potential was produced by isoproterenol treatment. The lack of dromotropic effect in this case is consonant with the notion that an increase in membrane potential, with a secondary increase in the rate of rise of the action potential, is necessary for a positive dromotropic effect (15, 16) . The absence of a shift in the activation curve implies that the upstroke velocity would change only as a result of a shift in membrane potential.
